Abstract: In this study, the potential of the space vector modulation (SVM) to control the matrix converter beyond its intrinsic voltage transfer ratio (VTR) limitation (0.866) is investigated. Afterwards, a simple space vector overmodulation method to increase the VTR of matrix converter is proposed. Depending on the desired VTR, the method is divided into two modes. In the first mode, besides improving the VTR, the quality of the reference quantities is of main concern. In the second mode, the main goal is to reach the maximum achievable VTR at the expense of increased harmonic ripples in the converter waveforms. It is demonstrated that the maximum achievable VTR in both modes depends on the ratio of the desired output frequency to the input frequency. Experimental results confirm the feasibility and appropriate performance of the proposed method.
Introduction
The growing demand for AC-AC electric power conversion in industrial applications, and serious attempts to reduce the total cost and size of converters led to the emergence and development of the matrix converter. A matrix converter is made up of an array of bidirectional power semiconductor switches, which directly connect the power supply to the load. The lack of DC-link capacitors in the matrix converter results in increased longevity and reliability in comparison with the conventional back-to-back pulse-width modulated (PWM) converters. Furthermore, the bidirectional power flow capability, sinusoidal input/output waveforms, the ability to control both the amplitude and frequency of output voltage as well as adjustable input power factor have suited it to many industrial applications [1] .
Several modulation strategies for the matrix converter have been reported [1] [2] [3] [4] . As the first major work on the modulation of the matrix converter, Alesina and Venturini [5] established a PWM algorithm based on a rigorous mathematical approach. The possibility of controlling the output voltage, the ability to adjust the input power factor (on condition that the output power factor is known) and the maximum voltage transfer ratio (VTR) of 0.5 are the main characteristics of this approach. They later proposed injecting the third harmonic of the input and output voltage waveforms into the target outputs in order to increase the VTR from 0.5 to √3/2≃0.866 [6] . They proved that independent of the adopted modulation strategy, the maximum achievable VTR for the matrix converter under linear operation is 0.866. Huber and Borojevic proposed a different waveform synthesis approach based on the space vector modulation (SVM) technique [7, 8] . Sinusoidal waveforms, the ability to control the input power factor, independence of the output power factor and the possibility of achieving the maximum VTR (0.866) are the most significant features of this modulation technique.
The limited maximum achievable VTR is always considered a serious disadvantage in many applications, such as the induction motor drive, where the maximum available magnitude of the output voltage should be equal or a little bit less than the magnitude of the input voltage. In the case of the variable speed drive system for an induction motor, reduction in the output voltage, in addition to the deteriorated dynamic performance, leads to the reduction of the available torque.
To improve the VTR of the matrix converter, several works have been carried out [9] [10] [11] [12] [13] [14] . Several studies have introduced different topologies [10] leading to VTRs > 1 at the expense of higher complexity and losses because of additional switches and the existence of passive components.
Another method to increase the VTR of the conventional matrix converter without using extra components is to work in overmodulation region [11] [12] [13] [14] . In [12] , the matrix converter is divided into a fictitious rectifier and a fictitious inverter stage and the so-called indirect modulation technique was proposed. The indirect technique with a fictitious DC-link adopts the available well-known modulation techniques to the matrix converters. The higher VTR up to 1.053 is achieved at the expense of very high-amplitude low-frequency distortions in the input and output waveforms. Some other modulation methods have presented the overmodulation strategies for their approaches [13, 14] . Complexity, significant low-order harmonics in output quantities and failure to use the real potential of the matrix converter to achieve higher VTRs are the disadvantages of these methods. There are no papers about extending the operation of the direct SVM technique to the overmodulation region as far as authors know. In this paper, the authors investigated the potential of the SVM to control the matrix converter beyond its intrinsic VTR limitation of 0.866. Then, considering the final goal of this study, which is to increase the VTR of the three-phase to three-phase matrix converter, a space vector overmodulation technique is proposed for the first time.
With regard to similarities between the SVM for matrix converters and the SVM for voltage source inverters (VSIs), in this paper, the already available overmodulation technique for VSIs is adopted in an attempt to boost the VTR of the SVM-controlled matrix converter. Simplicity, extracting the maximum benefit out of the available capacity to achieve the higher VTR and a rather low total harmonic distortion (THD) in the synthesised waveforms are the main features of the proposed overmodulation method. The rest of the paper is organised as follows. In Section 2, after presenting the matrix converter fundamentals, the direct SVM for the matrix converter is formulated. In the next section, the existing capacity of the SVM to increase the VTR of the matrix converter is demonstrated. After explaining the fundamental difference between the VSI and the matrix converter space vector overmodulation, a novel overmodulation method is proposed. Experimental results are presented to support the theoretical achievements. Section 6 concludes the paper.
Matrix converter SVM
A matrix converter consists of m × n bidirectional switches connecting m input phases to n output phases. Usually, voltage sources exist in the input side, and in the output side, there is an induction motor (R-L load) which can be modelled by current sources. Fig. 1 depicts a three-phase to three-phase matrix converter.
According to the Kirchhoff's voltage and current laws, the output and input quantities can be related to each other as follows
in which the switching function is defined as
On the other hand, to avoid shorting the source voltages and interrupting the load currents, the following constraints must be satisfied
Direct SVM
The SVM is one of the most common modulation techniques for the matrix converter. This modulation is based on transforming the input and output quantities into the space vectors. The space vector of three-phase quantities can be obtained through the following transformation
where x a , x b and x c are the three-phase quantities, and a is a complex constant defined as
Therefore the output voltage and input current vectors can be expressed as
where ω o and ω i are the output and input angular frequencies, respectively, and j o and j i are the initial angles of the output voltage and input current vectors, respectively. Furthermore, the amplitude of the output voltage and input current are indicated with V om and I im , respectively. Now, among 27 different possible states, imposed by (4), only 21 states leading to stationary vectors are used for the SVM. Substituting their corresponding output voltages and input currents in (7) and (8), respectively, Table 1 is derived.
The first 18 vectors have fixed directions with magnitudes that vary with the amplitude of input voltage and output current. Fig. 2 depicts these active vectors.
To better clarify the SVM idea, consider V out and I in to be in sectors 1 and 3, respectively, as represented in Fig. 2 . The reference vectors can be synthesised by resolving them into the adjacent active space vectors. Given that both output voltage and input current vectors should be synthesised simultaneously, only the vectors that contribute to both output voltage and input current waveforms shaping must be selected. As a result and in this example, among the adjacent active states, only ( ±1, ±2, ±7, ±8) switching Fig. 1 Structure of a three-phase to three-phase matrix converter www.ietdl.org configurations must be selected. Table 2 represents the active switching configurations for all possible combinations of the output voltage and input current vectors positions. To obtain the duty cycles of the active switching states, the reference vectors can be written as follows [15] 
in which K v and K i are the number of sectors which the output voltage and the input current vectors located in, respectively, '.' donates the scalar product operator and
where α o and β i are the phase angles of the output voltage and the input current vectors, respectively. Solving (9) to (12), the duty cycles are derived as
where q is the VTR defined as the ratio of the output voltage amplitude to the input voltage amplitude.
Considering (14)- (17), it is obvious that two of these duty cycles are always negative. In the case of negative duty cycles, the corresponding negative switching configurations should be chosen rather than the positive ones from Table 2 .
To complete the switching cycle, zero configurations are added as
In (18), d 0j indicates the duty cycle of jth zero vector in Table 1 .
SVM capacity to achieve higher VTRs
To examine the maximum instantaneous VTR of SVM, zero duty cycles are considered null, that is
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Similarities between VSI and matrix converter space vector overmodulation
Some successful attempts have been made in order to achieve higher modulation indices in SVM for VSIs [16, 17] . In [17] , depending on the magnitude of the modulation index, two modes are adopted. When the modulation index is between 0.906 and 0.952, the first mode is selected. In mode I, while the reference voltage vector is inside the hexagonal region created by the active voltage vectors, the modulation is similar to the conventional SVM. Now, if the reference vector exceeds the hexagon boundaries, the duty cycles are chosen so that the tip of the reference vector lies on the sides of the hexagon (maximum VTR with no zero state). If the reference vector moves on the hexagon boundaries thoroughly, the upper limit of mode I is reached (MI = 0.952). For the modulation indices from 0.952 to 1, mode II is employed. In this mode, the reference vector moves along the sides of hexagon, and when it is placed at a certain distance from a hexagon vertex, it is held at the vertex for a particular time.
Despite basic similarities between the SVM for matrix converters and SVM for VSIs, there are notable differences between the SVM overmodulation for them. First of all, in the matrix converter modulation, two reference quantities should be controlled at the same time (the output voltage vector and the input current angle). Furthermore, in contrast with the SVM for VSIs, a given shape as the trajectory of the maximum VTR cannot be defined. As shown by (20), the trajectory of maximum instantaneous VTR of the matrix converter depends on the instantaneous phase angles of the output voltage and the input current vectors. It is simple to show that the ratio of the output frequency to the input frequency specifies the shape of trajectory. Clarifying the issue,ã o andb i are written in terms of timẽ
in which α 0 and β 0 are the initial phase angles of the output voltage and the input current vectors, respectively. Now, (20) can be rewritten as (23).
It is obvious that at each time instant, t, and for a given input frequency, ω i , the value of maximum instantaneous VTR, q max (t), is not a constant value and varies for different output frequencies, ω o . Fig. 4 illustrates the trajectory of the maximum instantaneous VTR for four different output frequencies, when the input frequency is 50 Hz and |cos j i | = 1.
These dissimilarities between the SVM for matrix converters and VSIs cause some complications in extending the SVM to the overmodulation region for matrix converters. Following the idea of [17] for VSIs overmodulation, a method for increasing the VTR for matrix converters is proposed which is divided into two modes based on the desired VTR.
Overmodulation mode I
In mode I, besides increasing the VTR beyond 0.866, the quality of reference quantities is of main concern. Hence, depending on the magnitude of desired VTR, when the desired VTR is lower than the maximum instantaneous VTR, the modulation is as the conventional SVM; otherwise, the duty cycles of active vectors are scaled such that the sum of them is limited to unity. In fact, once the original reference trajectory passes outside the trajectory of the maximum instantaneous VTR (Fig. 4) , the time average equation (18) gives a negative duration for the zero vectors. To tackle this problem, the magnitude of the reference voltage is modified in order to keep the space vector within the trajectory. In other words, it implies that
in which d ′ i is the modified duty cycle of the ith active vector www.ietdl.org in mode I, which is calculated as
where d i is obtained from (14) to (17) . The output phase voltage waveforms for m* = 1.15, without considering the switching effect (average mode), are depicted in Fig. 5 for f i = 50 Hz and f o = 100 Hz. Here, m* denotes the magnitude of the desired VTR. It should be mentioned that for achieving the maximum VTR, the input power factor is considered unity for the entire analyses from now on. Fig. 6 represents the changes of the magnitude of the output phase voltage fundamental component, obtained from the Fourier transform, as a function of the output to input frequency ratio and m*. As Fig. 6 reveals, in mode I, and for each output frequency, a certain maximum VTR is available. To reach higher ratios, another method must be employed.
Overmodulation mode II
As mentioned in Section 4.2, there is a maximum limit for the fundamental component of the output voltage in mode I, which the VTR cannot be improved further as shown in Fig. 6 . Indeed, the maximum VTR is obtained when the reference vector always moves on the trajectory of the maximum instantaneous VTR. In mode II, the output voltage vector is displaced to a position that according to (20) the higher instantaneous VTR can be yielded. Obviously, both amplitude and angle of the reference voltage vector are manipulated. As a consequence, the quality of the output voltage will decline. Considering the fact that the angle of the input current determines the input power factor, the input current vector position is maintained. Hence, the mode II will be as follows.
At the first stage, m* and ζ are defined as the input variables; m* is the desired VTR, and ζ indicates the search band around the output voltage vector angle to find the output voltage vector position with the desired VTR. Now, whenever m* is lower than the maximum instantaneous VTR, the duty cycles are chosen as mode I, so that the output voltage vector can reach the maximum instantaneous VTR in that moment. In the case that m* is higher than the maximum instantaneous VTR, the following equation is solved to find the position of the maximum VTR near the reference voltage vector, denoted by x
Owing to the sinusoidal nature of (26), there exist two answers. To reduce the distortion of the output voltage vector, the closer answer to the current position of the reference output voltage vector is chosen. After obtaining the answer, two conditions should be checked. The first condition states that the new reference 
If x is located inside the sector, it will be kept; otherwise, the closer sector bound to x is selected as the new answer. If x* is the answer after the first condition, then it must meet the second condition. Second condition investigates whether the answer is inside the band defined by ζ. This condition can be expressed asã
in whichã o is the current angle of the reference output voltage vector in the current sector. Now, if the answer satisfies (28), it will be the final answer; otherwise, the output voltage vector is transferred to the upper or lower bound of (28), whichever is closer to the current position of the reference output voltage vector. Finally, ifã * o is the new angle of the output voltage vector, the duty cycles will change as
in which d i are similar to (14) to (17), while a o is replaced with a * o . Fig. 7 shows the output voltage waveforms for m* = 1.15, ζ = π/12, f i = 50 Hz and f o = 100 Hz in mode II.
As Fig. 7 illustrates, in mode II, although the distortion of the output voltage in comparison with mode I is increased, the amplitude of the output voltage rises. The variation of the magnitude of the output phase voltage fundamental component in terms of output frequency and the desired VTR in mode II and for f i = 50 Hz and ζ = π/12 is represented in Fig. 8 .
Figs. 9a and b show the maximum instantaneous fundamental component of the output voltage and its THD as functions of ζ and m*, respectively. As Fig. 9 demonstrates, increasing ζ leads to the rise of maximum instantaneous fundamental component of the output voltage and corresponding THD. The maximum VTR is obtained by the nearly six-step square-wave operation for ζ = π/6 and m* = 1.15.
As Fig. 9 reveals, the THD value is high in mode II and working in this mode is recommended only during the transients (e.g. a very fast speed change of a driven motor). Furthermore, as mentioned before, in matrix converter space vector overmodulation, there is no certain point as the transition boundary between two overmodulation modes for different output to input frequency ratios; therefore defining the switch point from modes I to II can be difficult. For having continuous operation, especially for closed-loop control, an algorithm depicted in Fig. 10 can be adopted. As the flowchart shows, if m* is <0.866, duty cycles are calculated as the linear mode operation; otherwise, if m* is <1.15, mode I is selected, and if m* is >1.15, first 0.284 (1.15 − 0.866 = 0.284) is subtracted from m*, then, the result is given as VTR input to mode II.
Performance evaluation
To testify the validity of the proposed method, some experiments have been conducted. The schematic circuit and the experimental test rig are shown in Figs. 11 and 12 , respectively. The matrix converter parameters are summarised in Table 3 . Owing to the safety issues, the input voltage decreased to 70 V. The matrix converter power circuit consists of 18 metal-oxide semiconductor field-effect transistor switches (IRFP460).
To implement the overmodulation method, a 32-bit floating-point digital signal controller (DSC) from Texas Instruments (TMS320F28335) operating at a clock frequency of 150 MHz is used. The measured input voltages are sampled at 10 kHz. The converter switching frequency is also decided to be 10 kHz. In each sampling period, after performing the overmodulation algorithm in the DSC, the switching states and the corresponding duty cycles are transferred to a field-programmable gate array (FPGA) board (Xilinx XC6SLX9 device from Spartan-6 family) through serial peripheral interface. The FPGA program uses this information to generate the gating signals for the power circuit. In addition, in order to achieve safe commutation between bidirectional switches, the four-step current-based switching method (FSSM) [18] is adopted. To perform FSSM, the output current sign is also fed to the FPGA. The drive circuit is composed of HCPL3120 gate driver integrated circuits and provides the gating pulses for the bidirectional switches.
In the first test, the conventional SVM algorithm for m* = 0.866 is performed in condition that the THD of the grid voltage is 5.9%. As mentioned before, 0.866 is the maximum achievable VTR for the matrix converter under linear operation. Fig. 13a presents the input and output waveforms of the matrix converter. Sinusoidal current waveforms and the unity power factor at the input confirm that the reference quantities are synthesised properly. Also, by fast Fourier transform (FFT) analysis of the output phase voltage, the peak of fundamental component is calculated as 51.1 V; therefore VTR is obtained as 0.8517 (VTR = 51.1/60) instead of 0.866. The small deviation from the reference can be attributed to the voltage drop on the input filter and the semiconductor switches. In this condition, the Fig. 11 Block diagram of experimental test rig www.ietdl.org input and output current THDs are 6.7 and 3.66%, respectively.
The output voltage and current waveforms for m* = 1.15 in overmodulation mode I are depicted in Fig. 13b . The FFT analysis shows that the peak value of the output phase voltage reaches 55.76 V (VTR = 0.929), whereas the output current THD is 5.29%. In addition, as the figure depicts, the THD of the input current has raised to 13.65% which shows a large increase compared with the linear modulation mode. In the final test, mode II has been executed, and m* = 1.15 and ζ = π/12 are chosen as the input parameters. The experimental waveforms are shown in Fig. 13c . The voltage produced by the converter is a quasi-six-step waveform and the switching frequency is highly reduced, as expected. The VTR reaches 0.985 in this case (VTR = 59.1/60), which means an increase of 7% compared with its value in mode I. However, the THD of the input and output currents increases from 5.29 and 13.65% (in mode I ) to 9.35 and 30.35% in mode II, respectively. Considering the input current waveforms of Figs. 13a-c reveals that while the displacement remains almost zero, the amplitude of low-order harmonics dramatically increases for overmodulation operation. Obviously, the control of input current is sacrificed to extend the VTR of the matrix converter in overmodulation methods, especially in mode II. Consequently, this method should be used just during transient operations. Also, in the case of frequent transitions to overmodulation modes, special care must be taken in the design of input filter to prevent the high-amplitude harmonic currents from flowing into the supply side.
Conclusion
In this paper, the existence capacity of SVM to reach higher VTRs has been examined. A new overmodulation method including two modes has been presented. Through experimental tests, the feasibility of the proposed method is demonstrated. Extending the VTR up to unity, simplicity of implementation and rather small THD in the output quantities are the main characteristics associated to the presented overmodulation method. High distortion in the input current emphasises the need for redesigning the input filter when the overmodulation operation is used frequently.
